ABSTRACT: Quantification of mRNA in single cells provides direct insight into how intercellular heterogeneity plays a role in disease progression and outcomes. Quantitative polymerase chain reaction (qPCR), the current gold standard for evaluating gene expression, is insufficient for providing absolute measurement of single-cell mRNA transcript abundance. Challenges include difficulties in handling small sample volumes and the high variability in measurements. Microfluidic digital PCR provides far better sensitivity for minute quantities of genetic material, but the typical format of this assay does not allow for counting of the absolute number of mRNA transcripts samples taken from single cells. Furthermore, a large fraction of the sample is often lost during sample handling in microfluidic digital PCR. Here, we report the absolute quantification of single-cell mRNA transcripts by digital, one-step reverse transcription PCR in a simple microfluidic array device called the self-digitization (SD) chip. By performing the reverse transcription step in digitized volumes, we find that the assay exhibits a linear signal across a wide range of total RNA concentrations and agrees well with standard curve qPCR. The SD chip is found to digitize a high percentage (86.7%) of the sample for single-cell experiments. Moreover, quantification of transferrin receptor mRNA in single cells agrees well with singlemolecule fluorescence in situ hybridization experiments. The SD platform for absolute quantification of single-cell mRNA can be optimized for other genes and may be useful as an independent control method for the validation of mRNA quantification techniques.
I ntercellular heterogeneity plays a role in cell differentiation as well as disease development, progression, and remission or relapse in response to treatment. 1−3 Studying mRNA expression at the single-cell level can provide a means to characterize variability in cellular activity and thus study disease etiology and pathology. Standard macroscale methods for quantitative assessment of gene expression are not designed to handle very small volumes and are limited by their sensitivity and accuracy when applied to single-cell analyses. 4, 5 In response to these challenges, various microfluidic platforms have been developed to measure gene expression in single cells using digital polmerase chain reaction (dPCR). High-throughput platforms, such as the BioMark HD system (Fluidigm), have provided a way to study expression levels of multiple genes in a set of single cells simultaneously. 6 However, challenges persist in dealing with the technical variability in single-cell protocols, where uncertainty can be introduced from cell lysis, reverse transcription, preamplification, PCR, and other steps. 7 It has been found that when performing microfluidic RNA quantification, using different reagents and protocols can give varying results for each step and that some methods do not work for certain genes. 8 It has also been shown that when dealing with the small quantities of mRNA from a single cell, detection of mRNA transcripts at or below 10 2 copies per cell may be unreliable. 9 This unreliability complicates the assessment of the biological variability within single cells and makes the comparison of different preparation methods impractical. Technical advancements are still needed in instances where sensitive and absolute measurement is necessary, such as singlecell gene expression measurements, and in validation of evolving quantitative or semiquantitative gene expression instrumentation.
Digital PCR has been used to perform highly accurate quantitation of DNA or cDNA, 10−12 but RNA measurement requires reverse transcription (RT), an additional enzymatic reaction that can introduce error. RNA must be measured indirectly through enzyme-generated cDNA; the efficiency of this RNA-to-cDNA conversion varies between RT enzymes and across the transcriptome. 13 Digital PCR platforms, where RNAto-cDNA conversions are performed prior to digitization, have shown these measurements to be precise under consistent reaction conditions in larger homogenized samples 8 and for single cells when compared to quantitative PCR (qPCR). 14 However, these techniques demonstrate cDNA quantification and may not reflect the actual quantity of RNA present in the original sample. Digital PCR measurements have thus far not demonstrated absolute quantification of mRNA present in a single cell.
In this study, both RT and PCR occur in digitized volumes without prior reverse transcription or preamplification, hereinafter referred to as one-step digital RT-PCR. A few reports of one-step digital RT-PCR have demonstrated quantification results that agree well with those of other quantitative or semiquantitative methods using RNA standards 15 or standard virus quantification methods 15−17 to indirectly quantify RNA for comparison with system performance. While digital RT-PCR has been established in general, and analysis of cDNA from a single cell has been carried out using dPCR, direct analysis of mRNA from single cells using digital RT-PCR has not been performed. This is significant as we believe this facilitates the most optimal performance of the RT step and avoids potential bias from a bulk RT step or preamplification.
In this work, we show some of the limitations of using standard qPCR measurements to study single-cell heterogeneity. We then show an absolute quantification method of single-cell gene expression analysis. This method uses the selfdigitization (SD) chip platform, a microfluidic device without valves or moving parts that digitizes a high percentage of the sample volume. We assess the performance of our device for one-step digital RT-PCR using two methods. In the first approach, we demonstrate that direct quantification using the digital assay compares well to a qPCR standard curve, validating the general performance of the assay. In the second approach, we compare the direct quantification of single-cell mRNA from the digital assay to another direct RNA counting method, single-molecule FISH (fluorescence in situ hybridization), indicating the accuracy of postdigitization RT. 18 We demonstrate that the reverse transcription step can be performed reliably in digitized volumes; this workflow successfully performs single-cell analysis. We also demonstrate that the absolute mRNA quantification in single cells can be accurately performed using digital microfluidics.
■ EXPERIMENTAL SECTION
Single-Cell qPCR. Quantitative PCR data shown in Figure  1 were acquired using flow cytometry sorted K562 cells. Single K562 cells were flow-sorted into PCR plates so that the wells were known to contain 1, 10, or 100 cells. Reverse transcription was performed in 10 μL of the high-capacity master mix (Applied Biosystems, Carlsbad, CA), and duplicate reactions were analyzed by qPCR based on duplex hydrolysis probes to simultaneously measure expression levels of the target gene, BCR-ABL, and the control gene, wild-type ABL. The fold change in gene expression was calculated relative to the average of all samples in the category (1, 10, or 100 cells). For extracted RNA experiments, total RNA was extracted from K562 cells using Trizol (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. Quantities were assessed by UV absorbance (Nanodrop 2000, Thermo Fisher Scientific, Waltham, MA).
Microfluidic Device Fabrication. Devices were prepared by soft lithography as described previously 19 with the following modifications. The main channel height was measured to be 25 ± 1 μm, and the chamber height was 104 ± 3 μm for the serpentine design and 113 ± 5 μm for the bifurcated design as determined by a custom-built white-light interferometer. 20 The serpentine device, used in single-cell experiments, contained 1020 chambers, while a bifurcated main channel device, used in dilution series experiments, contained 1024 channels. Details of the device dimensions and assembly are available as Figure S . This RNA sample was added to 6 μL of CellsDirect lysis solution. This RNA mix was incubated according to the manufacturer's instructions (cell lysis step), and then 3 μL of RNA/lysis mix and 7 μL of RT-PCR master mix were mixed and added to the SD chip inlet.
For single-cell experiments, 0.5 μL of SKBR3 cells (ATCC, Manassas, VA) suspended in 1× PBS (10× phosphate-buffered saline, Sigma-Aldrich, diluted with UltraPure water) was pipetted onto the inside of a lid from a PCR tube (0.2 mL PCR tube strips, BioRad, Hercules, CA). The droplets were inspected with an inverted bright-field microscope (Axio Vert.A1, Zeiss, Oberkochen, Germany) with a 20×, 0.45 NA objective to determine cell quantities. For lids containing a single cell in suspension, 1.6 μL of CellsDirect lysis solution was pipetted into the lid. These lids were again observed with a bright-field microscope, and only lids twice confirmed to contain only a single cell were used in analysis. These lids were capped onto the PCR tube base, stored inverted on ice, and transferred to −80°C for storage for up to 4 weeks. Frozen samples were thawed on ice, and the droplets were covered with 20 μL of continuous-phase oil mix and incubated according to the manufacturer's instructions to perform cell lysis. These samples were cooled briefly on ice before 6 μL of master mix was pipetted under the oil layer. The prepared reaction mix was stored on ice and transferred to a 4°C cold room for device loading.
A continuous oil phase, composed of Abil WE 09 (Evonik Industries, Essen, Germany), Tegosoft DEC (Evonik Industries), and light mineral oil (M8410, Sigma-Aldrich, St. Louis, MO), was prepared within 24 h of device priming. The concentrations were, by weight, 0.075% Abil, 90% Tegosoft, and 9.9% light mineral oil. This continuous phase was pipetted into the inlet and outlet of the device main channel. The device was then placed in a vacuum chamber under vacuum overnight to displace air from the channel and array.
Samples were digitized in a 4°C cold room. A vacuum manifold formed from poly(methyl methacrylate) was attached via double-sided Kapton tape to the SD chip outlet. Drilled access holes in this piece were used to interface up to four SD chips in parallel to the vacuum pump via connected tubing. In this arrangement, four devices were simultaneously connected Analytical Chemistry to a vacuum pump (DOA-P104-AA, Gast, Benton Harbor, MI) that generated a 575 mmHg vacuum to create a pressure differential along the device channels to drive flow.
Digital RT-PCR. Thermal cycling was performed in an Eppendorf Mastercycler fitted with an in situ adapter (Eppendorf, Hamburg, Germany). A layer of light mineral oil was sandwiched between the in situ adapter and the device. GAPDH or TFRC amplification was performed at two-step thermal cycler conditions to optimize the signal-to-noise ratio: reverse transcription at 50°C for 35 min, hot start at 95°C for 2.5 min, denature at 95°C for 15 s, and anneal/extend at 61°C for 30 s (GAPDH) or 45 s (TFRC).
Data Processing. Imaging was performed using a variablemode imager (Typhoon FLA9000, GE Healthcare, Pittsburgh, PA) as described previously. 19 Analysis was performed using ImageJ (http://rsbweb.nih.gov). The same rolling ball background subtraction was performed on each image. A macro was written in ImageJ to overlay region-of-interest (ROI) grids on the array to collect the mean and integrated intensities from the center and total area of each chamber. Two such ROI grids were used per image. The first grid covered a small area in the center of the well, 16 × 8 pixels. The mean intensity in the center of the chamber was used to determine PCR-positive status, as chambers typically fall into either a PCR-negative or PCR-positive cluster as seen in Figure 4 . Chambers with a mean intensity below a low threshold were considered unfilled and were discarded from analysis. Chambers with mean intensity above a high threshold were discarded due to possible fluorescent fibers or dust that would give inaccurate assessment. A second ROI grid covered the entire chamber area, 48 × 27 pixels, and the total intensity for this area was determined in ImageJ. The ratio of total chamber intensity to mean pixel intensity at the chamber center multiplied by the total chamber pixels was used as a second quality metric. It was found that this value should be near 1 for a fully filled chamber. Chambers with values below a low threshold were considered low volume and discarded from analysis, while chambers with values above a high threshold were discarded due to possible fluorescent fibers or dust. The volume of droplets on the outer edges of the array was found to decrease during thermal cycling; therefore, these volumes were not used in the analyses.
The total number of filled volumes, total number of PCRpositive volumes, and volume of the solution analyzed were then used to calculate the concentration of mRNA. This concentration was multiplied by the total volume of the loaded sample to determine the absolute mRNA copy number per sample. Details of this calculation are provided in the Supporting Information.
RNA Standard Curve. An RNA standard curve was generated from total RNA (total RNA control (human), Applied Biosystems). First, the total RNA was reverse transcribed using a combination of random primers and oligo(dT)s (iScript RT supermix, BioRad). The resulting cDNA underwent two rounds of PCR amplification (SsoFast EvaGreen supermix, BioRad) using GAPDH primers that incorporated the T7 sequence. The PCR-amplified cDNA was purified (MiniElute, Qiagen, Germantown, MD), and its purity was confirmed by melt-curve analysis and gel electrophoresis after each round of PCR. From the purified cDNA, a 594 base pair ssRNA standard was generated using a MegaScript kit with TurboDNase treatment (Life Technologies). The resulting RNA standard was purified (MegaClear kit, Life Technologies), confirmed to be a single product by gel electrophoresis, and quantified by UV absorbance (Nanodrop 2000, Thermo Fisher Scientific). Each kit was used according to the manufacturer's protocol.
Single-Cell FISH. Cells were grown on Lab-Tek chambered cover glass (Thermo Fisher) for 2 days. The cells were washed with 1× PBS and incubated at room temperature in fixation buffer (4% formaldehyde in 1× PBS, Sigma-Aldrich) for 10 min. The cells were washed twice with 1× PBS and stored in 70% ethanol at 4°C for 1 h. The cells were incubated for 5 min at room temperature with wash buffer (10% formamide, Ambion, in 2× SSC, Ambion) and then overnight in a 37°C incubator in a hybridization buffer (10% formamide, 2× SSC, 125 nM FISH probes, 10% dextran sulfate, Sigma-Aldrich). TFRC FISH probes were obtained from Biosearch (Stellaris FISH probes, human TFRC with Quasar 570, Biosearch Technologies, San Francisco, CA). The following day, the cells were incubated at 37°C with wash buffer for 30 min followed by a 30 min, 37°C incubation with nuclear dye (wash buffer with 5 ng/mL DAPI, Sigma-Aldrich). Before imaging, the cells were washed with 2× SSC and covered with 25 μL of Vectashield mounting medium (Vector Laboratories, Burlingame, CA) and an 18 × 18 mm no. 1 coverslip. The cells were imaged using a Nikon Eclipse Ti inverted microscope fitted with a 60×, 1.4 NA objective. Image stacks were created by manually focusing on image planes containing individual RNA spots, approximately 30 images per cell. Image slices were evaluated using software developed by the Arjun Raj laboratory at the University of Pennsylvania (http://rajlab.seas.upenn. edu/StarSearch/launch.html).
Cell Culture. SKBR3 cells were cultured in McCoy's 5A medium (ATCC) supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 mg/mL streptomycin. K562 cells were cultured in Dulbecco's modified Eagle's medium (ATCC) supplemented with 1× L-glutamine, 10% fetal bovine serum, 100 U/mL penicillin, and 100 mg/mL streptomycin.
■ RESULTS AND DISCUSSION
Real-time qPCR is considered to be the gold standard method for gene expression assays. 9 To analyze homogeneous, larger input samples well above the qPCR limit of detection, ΔΔC T calculations are often used. These calculations relate expression of the target gene to that of a control gene in the same sample, and the results are normalized to a uniform input sample. 21 This accounts for random changes in the target amount. As the input is reduced to quantities near the limit of detection, the validity of this calculation is questionable. For single-cell measurements, errors are introduced from the variability of sample handling and PCR protocols. Comparisons of target and control genes are no longer relevant at the single-cell level, as cycles of gene expression burst and degradation are known to occur across all genes, including housekeeping or control genes. 2, 22 As a result of these sources of variability, ΔΔC T calculations tend to compound error in single-cell measurements rather than reduce the contribution of qPCR's inherent experimental uncertainty.
To demonstrate the specific limitations of ΔΔC T qPCR for single cells, we analyzed populations of a leukemia cell line, called K562, which is known for its high expression of the BCR-ABL gene. BCR-ABL is a fusion gene resulting from a translocation that is the hallmark of chronic myeloid leukemia. Typically, BCR-ABL expression is compared to that of a reference gene, such as wild-type ABL. Traditional qPCR methods were adapted for use with single cells to accurately quantify the fold differences between BCR-ABL and ABL expression levels down to less than single-cell quantities, as defined by typical quality control descriptions (such as linearity of the standard curve for titrated RNA, Figure S-1, Supporting Information). When this assay was applied to populations of cells, we saw that, as the cell number input into the reactions decreased from 100 to a single cell, more apparent variability in BCR-ABL gene expression was observed while the mean of each population size was identical to that observed in extracted, homogenized RNA from these cells (Figure 1) . The high variability observed in these single cells shows that, even in cell lines presumed to be homogeneous, the differences in the expression levels of target and control genes are high. Additionally, it is challenging to identify with certainty that the variability demonstrated was truly biological heterogeneity or was due to an unaccounted for artifact. In this way, ΔΔC T comparisons between target and control genes are inappropriate for single-cell assays. Thus, an absolute quantification of gene expression is preferable for single-cell gene expression analysis.
We hypothesized that microfluidic, digital RT-PCR could overcome some of the limitations of standard qPCR for singlecell analysis. We performed these experiments using a microfluidic device, the SD chip. The SD chip was developed to automatically digitize an aqueous plug into discrete volumes in a continuous oil phase without valves or other moving parts. 23 This device, made out of poly(dimethylsiloxane) (PDMS), consists of a continuous or branching rectangular main channel with rectangular sample cavities (chambers) evenly distributed along one side of the channel (Figure 2 ). An aqueous sample plug enters the oil-primed device and fills the main channel and chambers. The aqueous plug is followed by the continuous oil phase, which fills the main channel and traps the aqueous sample into individual volumes with minimal loss to the sample outlet. The SD chip has been previously used for small-molecule crystallization studies 23 and for isothermal loopmediated DNA amplification (LAMP). 19 In this study, we extend its use to digital one-step RT-PCR. The SD chip is an excellent platform for a single-cell sample. First, an oil barrier prevents the aqueous sample from contacting the surfaces of the device, minimizing adsorption of the analyte. Second, the design maximizes the amount of sample digitized in the array, which becomes important when the quantity of genetic material is small. Finally, the flexibility in the size and number of sample cavities per device makes the platform amenable to match the dynamic range and resolution requirements for the gene of interest.
The implementation of RT-PCR in the SD chip, however, required four notable modifications over the design previously used for isothermal amplification. 19 First, since PCR requires higher temperatures than the LAMP reaction, additional measures were necessary to reduce evaporation of the digitized solution through the semipermeable PDMS substrate. Second, the number of chambers had to allow for quantification of low to intermediate abundance transcripts present in a single cell (less than 1000 copies). 24 Third, the continuous-phase composition had to be modified to accommodate both viscosity changes and the switch in surfactant for the final PCR mix; the digitized volumes had to be prevented from shifting into the device main channel at the PCR denaturation temperatures. Fourth, modifications to the sample inlet and pressure source had to be made to facilitate sample loading and minimize sample loss in the inlet.
An image and diagram of the device are shown in Figure 2 , and assembly details are shown in Figure S -2 (Supporting Information). Notable features of this device compared to its predecessor include (1) a tapered, funnel-like sample inlet, interfaced with the microfluidic channel to minimize dead space, to direct a pipetted sample into the main channel, (2) a thin PDMS microfluidic feature layer sandwiched between the spin-coated PDMS glass microscope slide and the glass coverslip to prevent evaporation above and below the array, and (3) an oil-filled channel surrounding the array which acts as a horizontal evaporation barrier during thermal cycling ( Figure  S-4, Supporting Information) . To fill the device, we found that thermally stable oil−surfactant systems adopted from emulsion PCR systems ensure that the high temperatures achieved during thermal cycling do not cause digitized volumes to enter into the main channel where they might combine with neighboring volumes. Additionally, loading the chip with negative pressure, using a vacuum pump on the outlet versus positive pressure on the inlet, prevented overloading of . Despite these modifications, small amounts of sample were sometimes observed to remain in the sample inlet, and sample often collected at the sample outlet due to emulsion formation during filling. With these modifications, 86.7% (SD = 3.3%) of the single-cell sample was digitized in the 12 single-cell experiments. With further optimization to the sample inlet and adjustment of surfactant concentrations and solution viscosities, this loading efficiency could theoretically reach 100% in the SD chip. 23 In contrast, workflows for high-throughput, single-cell, microfluidic qPCR using preamplification of cDNA before digitization typically use less than 5% of the sample. 25 Workflows not incorporating preamplification for single-cell assays, instead performing microfluidic digital PCR of cDNA, often digitize approximately 50% of the sample. 14, 26 Analysis of postamplification array images showed two distinct intensity clusters for sample volumes corresponding to PCR-negative and PCR-positive reactions (Figure 3) . From the proportion of positive to total volumes in the array, application of Poisson statistics allowed us to determine the concentration of molecules on the device. 27 The Wilson score method was then used to calculate the 95% confidence intervals about this estimation.
28−30 The outermost rows and columns were excluded from analysis because a low chamber volume due to evaporation was indistinguishable from a failure in chamber filling. Imaging the array before and after RT-PCR, as opposed to end-point-only imaging, could allow us to compensate for these changes and analyze these chambers for future experiments. Before and after images of a digitized sample in the full array are shown in Figure S-3 (Supporting Information) .
A theoretical dynamic range for the device can be determined using Poisson statistics and is dependent on the total volume of sample analyzed and the number and size of digitized volumes. We define the dynamic range from the concentration corresponding to the result of three positives per array volume to three negatives per array volume. These concentrations would be expected to give results corresponding to at least one positive well or one negative well, respectively, 95% of the time.
For this design this corresponds to a range of 0.41−680 copies/ μL or 3.3−5500 copies per single cell. A detailed description of this calculation is given in the Supporting Information.
The choice of enzyme to perform reverse transcription of RNA to cDNA was essential to assay performance. Ideally, each chamber in the array containing RNA would contain one or more corresponding cDNA molecules after reverse transcription, so that these chambers would yield a positive signal following PCR. For this reason, we chose a reverse transcription enzyme known for high yield and stability. 31 A long incubation time was used to allow the enzyme sufficient time for reverse transcription.
We first tested the ability of this device to perform digital and one-step RT-PCR by analyzing a dilution series of total RNA for GAPDH mRNA copy number. The response was linear (R 2 = 0.999) and matched closely to that of qPCR using a standard curve of GAPDH RNA. The SD chip indicated slightly lower quantities of GAPDH mRNA in the sample (qPCR, 102 GAPDH copies/pg of total RNA; digital one-step RT-PCR, 71.8 GAPDH copies/pg of total RNA) ( Figure 4A ). This result is consistent with those of other studies showing that qPCR can yield a higher result than digital PCR or digital RT-PCR. 8, 10, 11 This may result from the fact that the qPCR measurement is dependent on quantification of the RNA standards by UV absorbance; it is known that UV absorbance measurements can overestimate the number of amplifiable template molecules due to the presence of contaminants, damaged RNA, or off-target oligomers. Results from the GAPDH mRNA dilution series were also multiplied by their dilution factors to return to the starting concentration of GAPDH mRNA in the total RNA starting sample ( Figure 4B ). The final two points in this dilution series fell slightly below the average starting concentration. This may be due to an error in the creation of the dilution series, caused by either pipetting error or a loss of the minute quantities of RNA inside the pipet tips or vessels used to prepare the reagents. These data are significant because they show that any bias between low and high copy numbers of the mRNA transcript is minimal. However, this result does not show that the absolute quantities determined from the analysis reflect the absolute quantities of mRNA present in a single cell.
Having shown that the SD chip's digital one-step RT-PCR gave results comparable to those of qRT-PCR, we next sought to validate the absolute quantification of mRNA in single cells by comparison with another single-cell mRNA quantification technique, single-molecule mRNA FISH. FISH is independent of the variable efficiency of reverse transcription and PCR and was developed specifically for quantification in single cells. For these reasons, it is an excellent independent validation method. In this method, direct counting of single RNA molecules is performed in a sample of fixed cells by attaching multiple probes labeled with fluorophores along the length of each RNA. With high-resolution fluorescence microscopy, it is possible to identify single RNAs as diffraction-limited spots in a z-stack of images. Challenges with probe design and spatial resolution of fluorescent signals limit the compatibility of this method for highly concentrated transcripts or for those that cluster within the cell. 32 We chose to study the TFRC gene, a relevant protein in some cancers such as mantle cell lymphoma. 33 The typical intercellular mRNA spatial distribution and concentration for this gene made it an excellent candidate for this study; a wellcharacterized TFRC FISH assay was commercially available.
We found that results from both methods agreed well, yielding on average 455 (SD = 171, n = 31) copies of TFRC transcripts per single cell using FISH and 442 (SD = 207, n = 12) copies using the SD chip with digital RT-PCR ( Figure 5) . These values are similar to TFRC values found in HeLa cells using single-molecule FISH. 34 We also found that the distributions of TFRC mRNA copy number were similar between the two methods. The statistical error for dRT-PCR data, displayed as 95% confidence intervals, are small compared to the variation in TFRC in these cells. The magnitude of associated theoretical uncertainty per cell in digital PCR is dependent on the total number of volumes analyzed and thus can be reduced to fit the needs of the user by adding more reaction volumes per sample. 35, 36 Importantly, unlike singlemolecule FISH, digital, one-step RT-PCR is not limited by the optical resolution of mRNA transcripts that cluster in vivo. The number of digitized volumes per device also can be scaled to quantify transcripts of any abundance.
■ CONCLUSIONS
The SD chip is a simple device for sample digitization that is compatible with single-cell digital RT-PCR. The device maximizes the fraction of sample digitized into the array, making the design ideal for working with the occasional low mRNA copy numbers present in a single cell. We have demonstrated that digital RT-PCR with reverse transcription performed in the digitized volumes gives a linear response to the mRNA template concentration. Additionally, absolute quantification of mRNA from single cells agrees well with the copy numbers obtained from another absolute mRNA counting technique with the same transcript and cell line.
Counting absolute quantities of mRNA allows us to overcome the need for a reference gene or calibration standard, which is a restriction at odds with the stochastic nature of gene expression at the single-cell level and which introduces technical variability. We feel that this method based on the SD chip can also be valuable as a calibration or validation tool for new mRNA measurement techniques, such as digital systems with RT-PCR protocols, and other single-molecule counting techniques, such as next-generation sequencing platforms or imaging techniques. Validation by an independent device, such as the SD chip, would allow for single-cell expression data to be shared between laboratories even when different instruments and workflows are used.
Further improvement of the SD chip should allow us to digitize a sample up to the previously reported 100% sample digitization. 23 This is expected to allow for high precision in quantifying low-concentration samples. For example, DNA or mRNA present in only one or two copies per single cell would be detected in such a device. Digitization of 100% would be important to ensure detection of both copies of a gene pair or to properly quantify a low-abundance gene copy number at a single-cell level. Other future work to improve the SD chip for single-cell genetic analysis will focus on increasing throughput. We recently demonstrated a high-density array for selfdigitization of sample volumes that could be adapted for improved copy number resolution in this device. 35 Another modification could be a multiple-channel, parallel scheme for the rapid analysis of many cells. The chip could also be used for multiplex gene detection when combined with spectrally resolved probes in each reaction chamber. 
